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Time-resolved analysis of thickness-dependent dewetting and ablation of silver films upon nanosecond laser irradiation Nanosecond pulsed laser dewetting and ablation of thin silver films is investigated by time-resolved imaging. Laser pulses of 532 nm wavelength and 5 ns temporal width are irradiated on silver films of different thicknesses (50 nm, 80 nm, and 350 nm). Below the ablation threshold, it is observed that the dewetting process does not conclude until 630 ns after the laser irradiation for all samples, forming droplet-like particles in the spot central region. At higher laser intensities, ablative material removal occurs in the spot center. Cylindrical rims are formed in the peripheral dewetting zone due to the solidification of transported matter at about 700 ns following the laser pulse exposure. In addition to these features, droplet fingers are superposed upon irradiation of 350-nm thick silver films with higher intensity. Arrays of micron-or nano-sized holes in metallic films exhibit local field enhancement, strong plasmonic response, and high electron emission.
1,2 During the last decade, such structures have attracted growing interest, owing to promising applications in optoelectronics 3, 4 as well as other fields. 5 Direct laser ablation and dewetting is an interesting method for machining holes in metallic specimens. Compared to conventional photolithography that is combined with reactive ion etching or chemical etching, nanosecond laser irradiation 6 has showed advantages in terms of its non-contact characteristics, low cost, and flexibility with respect to the target material. By tuning the incident laser power, it is possible to machine holes of different dimensions and shapes on metallic surfaces. 7 Fundamental understanding of laser-induced dewetting and ablation processes is important in order to enable improved prediction and optimization of laser processes. 8, 9 Several optical probing techniques have been developed for studying laser-material interactions. 10, 11 For example, timeresolved shadowgraphy has been utilized to directly observe the ablation process in the nanosecond time regime, [12] [13] [14] capturing the ejected plume and shockwave emission at certain delay times. 15 Nevertheless, even in the simplest case of metal films, the induced phase change and the ensuing dewetting and ablation processes have not yet been fully investigated.
In this letter, time-resolved images revealed the evolution of different morphologies during the ablation and dewetting processes. We selected silver as the sample of interest because of its well-known properties and use as electrode material in electronics. Silver thin films of different thicknesses (50, 80, and 350 nm) were prepared by electron beam evaporation on quartz substrate. The time-resolved imaging system was set up as shown in Figure 1 (a). Nd:YAG laser pulses of 532 nm wavelength and 5 ns temporal width impinged on silver film targets. The laser beam was focused by a 2Â infinity corrected, non-achromatic long working distance objective lens at normal incidence. Nanosecond flash lamp (NANOLITE KL-K flash lamp, flash duration ¼ 7 ns) was employed as an illumination source to provide temporally resolved images. These images were captured by a charge coupled device (CCD) camera via a 20Â infinity objective lens. A digital delay generator was used to control the delay time between the processing laser and the image acquisition. The oscilloscope was used to record the actual delay time of the processing laser signal and the flash lamp signal. To ensure true representation, at least six images were examined at each delay setting.
We estimated the ablation threshold fluences of each film by linear curve fitting as shown in Figure 1 (b). Above the ablation threshold fluence, F th , the relationship between the ablated spot radius, r a , and the laser fluence, F, is well characterized by a Gaussian beam profile, r The transient evolution of the film surface morphologies at selected laser fluences are recorded using the timeresolved imaging setup and presented in Figure 3 . As previously mentioned, micron-sized droplet-like particles are formed at lower laser fluences, i.e., around 0.89 J/cm 2 for the 50 nm film and 2.31 J/cm 2 for the 80 nm film. The time resolved images at the corresponding laser fluences in Figures 3(a) and 3(b) indicate that shiny small particles appeared in the central area of the irradiated zone at times of 200 ns and 500 ns after the laser irradiation, presumably formed by Ostwald ripening. 18 Furthermore, since micronsized metallic particles of size parameter (v ¼ pD=k), where D is the particle diameter and k the probing wavelength, scatter radiation strongly in the forward direction and yield much weaker back-scattering, the central area appears dark in reflection images beyond an elapsed time of 630 ns, signifying aggregation to bigger micron-sized particles. At slightly increased laser fluence, holes with droplet-like or cylindrical rim structures around these edges are formed on the silver film surface, respectively. At higher fluences, i.e., at and above 1.38 J/cm 2 for the 50 nm thickness specimen, the dewetted material is pulled toward the edges of the holes forming peripheral droplet-like structures after an elapsed time of 700 ns. For the 80 nm thick sample, rim structures can also be formed if the laser fluence is at or above 2.31 J/cm diagram of ablation and dewetting distribution for 50 nm thickness sample under different laser fluences. 19 If the laser fluence (red curve) exceeds the ablation threshold, the central ablation area (blue line) surrounded by the dewetting zone (green line) appears. The dewetting regime (green line) solely appears in the spot center if the laser fluence (black curve) is below the ablation threshold. Figure 5 depicts distinct stages of the thin film modification process and the corresponding ablation and dewetting threshold, respectively. If the laser intensity in the spot center is below the ablation threshold, in the dashed line region, the nanosecond laser pulse causes local dewetting of the Ag layer in the spot center. [20] [21] [22] In this case, nanoparticles grow larger through Ostwald ripening, 18 wherein the larger particles scavenge smaller ones, broadening the size distribution in the dewetting area after an elapsed time of 650 ns for all the samples (Figure 5(a) ). If the laser fluence exceeds the respective ablation threshold of each sample, the SEM and time-resolved images of 50 nm sample show ablative material removal in the spot center and the formation of dropletlike particles in the peripheral dewetting zone after an elapsed time of 700 ns ( Figure 5(b) ). Rim structures are then formed in the 80 nm and 350 nm thick samples after laser irradiation ( Figure 5(c) ). It is recalled that the surface temperature is higher at the center of the melt pool, and the absorbed energy induces surface tension driven flow due to the high temperature gradient. 23 Consequently, due to the diminishing surface tension with increasing temperature for liquid metals, material should be transported radially outward by the positive surface tension gradient. However, the 50 nm film cannot supply significant mass transfer and only droplet-like particles are formed. Order of magnitude estimates 24 One may therefore expect that the thermal gradient driven surface flow is of minor consequence. [25] [26] [27] For the 350 nm thickness sample, as shown in Figure 5 (above 9.92 J/cm 2 ), exerting strong recoil force and producing droplet fingers ( Figure 5(d) ). For higher laser fluence, the liquid Ag materials are squeezed out of the pool very quickly by the diminishing surface tension and pushed around the peripheral rim structure. Droplet fingers occur due to the recoil force induced acceleration around the rim. 23, 26, 27 The same experimental trends would be observed in thin films of different inorganic materials and comparable thickness. The effect of the wavelength is not particularly significant for the present experiments, as it affects merely the magnitude of the energy input into the film. However, the laser interaction with the ejected matter would depend on the laser wavelength. This is likely to be important at the higher fluences where the ablation is accompanied by the plasma effects and the problem becomes more strongly coupled due to the fluid dynamics and radiative transport in the ejected plume.
In conclusion, we have carried out in-situ visualization of nanosecond laser-induced dewetting and ablation processes in thin silver films. The time-resolved imaging setup helped elucidate the transient breakup of the dewetted melt pool, the surface tension induced mass transport, and the effect of the ablative material removal and their dependence on the imparted laser fluence. 
